Abstract. The poplar lace bug, Monosteira unicostata (Mulsant & Rey), is one of the most important pests of almond trees in the Mediterranean area. The developmental times and survival of the immature stages of this tingid were determined at 16, 19, 22, 25, 28, 31, 34, 35.5, 37 and 39°C, 60 ± 10% relative humidity and under a 16L : 8D photoperiod. At 16 and 39°C, 100% mortality was recorded during immature development, with the egg, first and second nymphal instars the most susceptible. The lowest mortality was recorded at 28°C (9.8%). As temperature increased, the total developmental period decreased and the shortest duration was recorded at 34°C (12.1-12.2 d). At 37°C, the developmental time was slightly longer (12.5-13.0 d). The thermal requirement for complete development, from egg to adult, was 229.2 DD. Several non-linear models were fitted to the developmental rate data recorded for the range of temperatures tested. Selection criteria indicated that the Lactin model best described the relationship between developmental rate and temperature. It predicted lower and upper thermal thresholds for the complete preimaginal period of 14.8 and 39.1°C, respectively. Models were validated by comparing their predictions for the total preimaginal period with the developmental times recorded at three different fluctuating temperature regimes. The Lactin model again best fitted the actual durations recorded. This model could be used in IPM programs for predicting the moment of occurrence of the most damaging generations of this species.
IntroductIon
The poplar lace bug, Monosteira unicostata (Mulsant & Rey) , is one of the most important pests of almond trees in the Mediterranean area (Maniglia, 1983; Liotta & Maniglia, 1994; García Marí & Ferragut, 2002) and has been detected also in North America (Scudder, 2012) . This species has a broad range of host plants and it has been cited attacking other fruit trees such as cherry, peach, plum, pear and forest trees like poplar or willow (Péricart, 1983) .
This insect overwinters as an adult under fallen leaves, on the bark of trees or on wild plants (Talhouk, 1977; Liotta & Maniglia, 1994; García Marí & Ferragut, 2002) , but on warm days in winter adults can leave their winter refuges for a few hours (Vessia, 1961; Maniglia, 1983) . The overwintering period depends on how hard the winter is so in zones with mild winters overwintering can be as short as a couple of months (Vidal, 1938) . All these observations suggest that during winter these insects are in a state of quiescence. In spring, the adults feed on young almond leaves where the females lay eggs and start infestations (Talhouk, 1977; Liotta & Maniglia, 1994; García Marí & Ferragut, 2002) . After hatching, nymphs begin to feed on the lower side of the leaves and pass through five instars ( Fig. 1 ) before becoming adults. Nymphs of this species show a sedentary and gregarious behaviour and when disturbed disperse and regroup later (Bremond, 1938; Vessia, 1961; Neal & Schaefer, 2000) . Their feeding activity damages leaves, which weaken, turn yellow and often fall, which reduces the development and maturation of the fruit (Gómez-Menor, 1950; Liotta & Maniglia, 1994) and has negative consequences for the following year's production (Liotta & Maniglia, 1994) . In addition, the accumulation of excrement on the leaves reduces gas exchange (Bremond, 1938; Gómez-Menor, 1950) and it is reported that the females in laying eggs inside the parenchyma of the leaves facilitates the infection of plants with fungi and bacteria (Gómez-Menor, 1950) .
The number of generations in different geographical areas where this insect occurs varies from 2 to 4 (Péricart, 1983) . These generations overlap, so that all immature stages and instars are present simultaneously during the summer (Péricart, 1983) . In Spain there are 3-4 generations and the greatest injury is caused by the third generation, when the insects are most numerous (Gómez-Menor, 1950; García Marí & Ferragut, 2002) .
Insects are poikilothermic organisms so temperature is one of the main factors determining their physiological processes and a key factor determining their phenology (Régnière et al., 2012; Régnière & Powell, 2013) . Accordingly, one important aspect of pest management is the prediction of the occurrence of the different life stages based on temperatures recorded in the field (Logan, 1988) . This approach is usually based on laboratory experiments in which the durations of the developmental periods of the immature stages is established under a wide range of constant temperatures (Wagner et al., 1984a, b) . Then, the developmental rates (the inverse of the developmental periods) are plotted against temperature and fitted by mathe-photoperiod until big enough (about 60 cm height) to be infested. Fifty to sixty adults of M. unicostata were used to infest four poplar plants. The infested plants were confined in wooden framed cages (60 cm × 50 cm × 45 cm) whose sides were covered with translucent nylon cloth. The frontal piece of nylon cloth was removable so that the insects and plants were easily accessible. To maintain the M. unicostata population, new poplar plants were grown and periodically infested with adults from the laboratory rearing when the older plants were seriously damaged.
Plant material
Assays were performed using small rooted cuttings of black poplar. Poplar twigs were obtained in spring from poplars growing in the surroundings of the INIA facilities. Once in the laboratory, the twigs were washed and inspected and those with symptoms of infestation, disease or any type of physiological damage were discarded. Then, they were cut into smaller cuttings with a single leaf and a small portion of stem. These cuttings were placed in nutritive solution (Moutous & Fos, 1973) for a week and those that rooted were selected to be used in the developmental assays, thus assuring that the leaves remained alive during the whole experimental period. The rooted cuttings with leaves were introduced into plastic containers (7 cm high × 3.5 cm diameter) containing nutritive solution through a small hole (8 mm diameter) in the lid. The hole was then sealed with plasticine.
Immature development
Development was monitored at constant temperatures of 16, 19, 22, 25, 28, 31, 34, 35.5, Sanyo, Japan) . At all temperatures the other environmental conditions were 60 ± 10% RH and a 16L : 8D photoperiod. Lace bug subpopulations were acclimatized for at least one month at each temperature.
Assays were carried out in rearing units consisting of plastic tubes (15 cm high × 5.5 cm diameter) placed vertically in the upper half of a 5.8 diameter Petri dish with the upper opening covered by a piece of translucent nylon cloth held in place by a rubber band, which provided ventilation for the rearing cell.
A container with a rooted cutting with a leaf, as described above, was introduced intro each rearing unit together with 2-3 acclimatized adult pairs of M. unicostata. Females were allowed to lay eggs on the leaves for 24 h, and after that all the adults were removed. Then, the leaves were inspected under a stereomicroscope and all the eggs laid during the 24 h period located. A single egg was randomly selected and the rest killed by puncturing them with a fine needle. 65 to 200 leaves, each with a single egg, were kept at each temperature. Hatching date, duration of each nymphal instar and survival were recorded daily until each individual reached the adult stage or died. The adults were sexed according to Vessia (1961) . matical functions to obtain reliable models of this relationship, which has a generic canonical form (Wagner et al., 1984a; Logan, 1988) . The integration of models obtained under the fluctuating temperature regimes recorded in the field allows the prediction of the occurrence of the different generations or the most damaging stages of pests. For this a variety of functions are used, ranging from the classical linear degree-day model to more complex nonlinear models (Schoolfield et al., 1981; Hilbert & Logan, 1983; Lactin et al., 1995; Briere et al., 1999; Kontodimas et al., 2004; Hansen et al., 2011; Shi et al., 2011; Régnière et al., 2012) . Some of these models can also be used to determine the lower and upper thermal developmental thresholds of the immature stages.
Developmental periods usually vary considerably among individuals in insect populations. To deal with this stochastic aspect of development in a population, different functions have been employed to describe the cumulative probability distribution of insect development in time (Wagner et al., 1984b) . Thus, these probability functions can be used to determine the fraction of a cohort that will have completed its development at a particular time under field temperatures.
The aim of the present work was to investigate the effect of temperature on the survival and developmental periods of the immature stages of M. unicostata and establish the distribution of adult emergence for this species. Different linear and non-linear models were used to describe the relationship between the developmental parameters of the immature stages and temperature. Also, the developmental models obtained were validated by comparing their predictive capacity with developmental data recorded at fluctuating temperatures.
MAtErIAl And MEtHods laboratory rearing of Monosteira unicostata
A colony of M. unicostata was established in the laboratory from individuals collected in mid spring from almond trees, Prunus dulcis (Mill.) D.A. Webb, placed in INIA (Madrid). The insects were then transferred to the laboratory and reared on small black poplar plants, Populus nigra L., grown from hardwood cuttings, because it is not possible to produce small almond trees in this way. The 15-20 cm long cuttings were collected in winter and kept refrigerated at 4°C. When needed, they were planted and grown at 25°C, 70% relative humidity (RH) and under a 16L : 8D Fig. 1 . First (N1), second (N2), third (N3), fourth (N4) and fifth (N5) nymphal instars of Monosteira unicostata. Specimens were mounted on slides in Hoyer's medium after digesting the internal tissues using lactic acid and staining the cuticle. Scale bars correspond to 0.5 mm.
Mathematical models

Mortality model
The percentage mortality recorded at each constant temperature for the different immature stages of M. unicostata were fitted by the following equation
where y is the percentage mortality, T temperature and a, b and c are fitted parameters. This model was fitted only to those stages that suffered significant levels of mortality.
Developmental models
The relationship between developmental rate (r = 1/d, where d is the mean developmental time in days) and temperature T, was determined using both linear and nonlinear models (Table  1) . This was done for the development of the egg, each of the five nymphal instars and the complete preimaginal period.
In the case of the linear model, the lower developmental threshold was estimated as LT = -a/b and the thermal constant as K = 1/b (Trudgill et al., 2005) . The standard errors of LT and K were estimated according to Campbell et al. (1974) . To achieve satisfactory fit when using the linear model, only data below 34°C were used because if developmental rates for temperatures above this temperature were included the relationship was nonlinear (De Clercq & Degheele, 1992) .
The nonlinear models selected are unlike other nonlinear models in that they can be used to predict both the lower and upper temperature developmental thresholds and the optimal temperature for development (temperature at which developmental time is shortest). In the case of the Logan III and Lactin functions, the thermal thresholds were estimated using the lower and upper intersections of the curve with the x axis after graphical representation of the models, because none of the parameters in these functions correspond to these temperature values (Hilbert & Logan, 1983; Lactin et al., 1995) . For the other models, the thermal thresholds were estimated using their corresponding parameters. The optimal temperature for development was estimated graphically in all cases as the temperature at which the highest rate of development was predicted.
Model for distribution of adult emergence
The distribution of adult emergence was determined by calculating the cumulative proportion of individuals that reached the adult stage at normalized time x = time/mean time for each temperature. The relationship was described using the equation of Stinner et al. (1975) :
where F(z) is the cumulative proportion of individuals that completed development, z = (x max -x) / (x max -x min ), x is normalized time (time/mean time), x min is normalized time at which the first individual completed development, x max is normalized time at which the last individual completed development, and k and β are empirical constants.
Validation of developmental models
To validate the developmental models the total development period from egg to adult of M. unicostata was evaluated under the following three fluctuating temperature regimes in the sense described by Liu et al. (1995) : 28-14°C, 33-18°C and 38-22°C. Within each regime, the upper temperature was associated with the 16 h of daylight and lower temperature with the 8 h of night. The experimental procedures were similar to those described above for the evaluation of developmental times at constant temperatures. To obtain the eggs, one female per plant was allowed to lay eggs for 24 h at 26°C, but in this case all the eggs laid were used. For further calculations, eggs were considered to be laid at the mid-point of the 24 h period of egg laying. Afterwards, the rearing units containing the leaves with the eggs were transferred to an environmental chamber (IBERCEX, Spain) and kept at a particular regime of fluctuating temperatures. A data logger EL-USB-2 (Lascar electronics, UK) was put beside the rearing units to record the temperature at 5 min intervals. Then, an integration of the increments in development for each 5-min interval according to the different models obtained for the complete developmental time was used.
Analytical methods
Chi-squared tests were performed to assess the effect of temperature on the mortality of the egg and five nymphal instars and table 1. Mathematical models used to describe the relationship between the developmental rate of the immature stages and instars of M. unicostata and temperature.
Equation
Model Parameters Reference
Briere 2 4 Briere et al. (1999) 
] Régnière 6 Régnière et al. (2012) See the corresponding references for a complete description of these models and their parameters. a The description and terminology given by Régnière et al. (2012) is used for the Hansen model. the sex ratio of M. unicostata. Also, a chi-squared test was used to test for deviations in the expected 1 : 1 sex ratio recorded at each temperature. The effect of temperature on the proportion of the time spent in each developmental stage/instar was tested using a Kruskal-Wallis test separately for each stage/instar. An ANCOVA was used to assess the differences between sexes in the total developmental time, with sex as a fixed factor and temperature a covariate. The level of significance was P < 0.05 in all cases. Analyses were done using Statgraphics® Centurion XVI (StatPoint Technologies, 2009) .
Regarding the modelling of development, the linear model was fitted and parameter values estimated by means of least-squares regression, whereas the Levenburg-Marquardt algorithm was used for nonlinear models. All models were obtained using Tablecurve 2D 5.01 (SYSTAT, 2002) . Performance of non-linear developmental models were compared using the adjusted coefficient of determination (R a 2 ) (Kvalseth, 1985) , the Bayesian Information Criterion (BIC) (Schwarz, 1978) and the corrected Akaike Information Criterion (AICc) (Hurvich & Tsai, 1989; Burnham & Anderson, 2002) . These fitting criteria allow the comparison of functions with different numbers of parameters. Their expressions are
where n is the number of observations, k is the number of parameters in the ith function, and R i 2 is computed as
for y j the jth recorded developmental rate, ŷ ji the jth predicted developmental rate from the ith function and ӯ the mean of the recorded data (Kvalseth, 1985) .
where n is the number of observations, K the number of parameters including the error term and RSS the residual sum of squares (Angilletta Jr., 2006; Shi & Ge, 2010) . In addition, the z weight described by Shi & Ge (2010) was calculated, which integrates the R a 2 , BIC and AICc values of the different models. The z weight is calculated as
where D i is the weighted mean of standardized indicators in the ith function and S is the number of candidate models. D i is computed as
where max(x) denotes the maximum x value in all S candidate models, min(x) denotes the minimum x value in all S candidate models and x i denotes the x value of the ith candidate model. Unlike the original paper by Shi & Ge (2010) , we did not use R 2 or RSS because these criteria are not corrected for the number of parameters in the models (Angilletta Jr., 2006) . In addition, AICc is preferred to AIC when only small sample sizes are available (Burnham & Anderson, 2002) .
Lowest BIC and AICc and highest R a 2 and z weight values indicate the best fitting model. In the case of the linear model only R a 2 was calculated because information criteria can be used only to compare models fitted to exactly the same set of data (Burnham & Anderson, 2002) and, as stated above, results for temperatures above 34°C were not included in the linear model.
The total preimaginal periods predicted by the models for the three fluctuating temperature regimes were compared with the actual durations of development. The adjustment was expressed as the percentage deviation with regard to the recorded developmental times, using to the following expression (Liu et al., 1995) : 
Effect of temperature on immature survival
Temperature significantly affected the mortality recorded over the course of the complete preimaginal period (χ 2 = 384.4; df = 9; P < 0.0001). This included the mortality recorded for the egg stage and first and second nymphal instars (χ 2 = 267.7; df = 9; P < 0.0001, for the egg stage; χ 2 = 242.7; df = 9; P < 0.0001, for nymph 1; χ 2 = 139.1; df = 8; P < 0.0001, for nymph 2), whereas no significant effect was recorded for the third, fourth and fifth nymphal instars, for which mortality ranged between 0% and 6.7% (χ 2 = 10.6; df = 7; P = 0.1553 for nymph 3; χ 2 = 6.7; df = 7; P = 0.4647 for nymph 4; χ 2 = 5.7; df = 7; P = 0.5761 for nymph 5). At the extreme temperatures assayed, 16°C and 39°C, mortality was higher during the egg stage, ≈ 65 and 71%, respectively. At 16°C, the first nymphal instar did not develop (100% mortality) and at 39°C suffered a high mortality (≈ 77%), and at 39°C the second nymphal instar also ceased developing (100% mortality). Accordingly, the mortality model was fitted to the results for the egg stage, first and second nymphal instars and the total mortality recorded for the whole preimaginal period (Table 2, Fig. 2 ). The coefficients of determination for these models ranged from 0.88 to 0.99, indicating the suitability of the function used to fit the mortality data. 
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n -number of individuals at each developmental stage/instar. LT -predicted lower developmental threshold; UP -predicted upper developmental threshold; OP -optimal temperature for development; K -thermal constant expressed in degree-days (DD); the rest are other parameters of the different temperature-dependent models considered (see the corresponding references for a complete description of the parameters). Values in parentheses are standard errors.
Effect of temperature on development and thermal requirements of immature stages and instars
As temperature increased, developmental times decreased with the shortest developmental time recorded at 34-35.5°C, except for nymph 1, for which this value was recorded at 37°C (Table 3) . A slight increase was recorded in all cases at temperatures above this optimum. The egg stage took up almost half of the total preimaginal period (45-49%) and required 114.6 DD (Table 4) for complete development, whereas the second and third nymphal instars had the fastest development, taking up only 8-9% of this period and required 22.6 and 20.1 DD, respectively, to develop to the next instar. First, fourth and fifth nymphal instars required 11-13% and 29.9 DD, 9-10% and 23.2 DD, and 14-15% and 36.9 DD, respectively. The total thermal requirements for the period egg to adult were 229.2 DD. Temperature significantly affected the proportion of time spent in each developmental stage or instar at the different temperatures assayed (H = 58.9, P < 0.0001 for the egg; H = 19.3, P < 0.01 for nymph 1; H = 22.2, P < 0.005 for nymph 2; H = 27.0, P < 0.0005 for nymph 3; H = 44.2, P < 0.0001 for nymph 4; H = 36.7, P < 0.0001 for nymph 5). There were no significant differences in the total developmental times recorded for males and females (F = 0.54; df = 1, 518; P = 0.4633). In addition, temperature did not affect the proportions of each sex recorded (χ 2 = 9.0; df = 7; P = 0.2494) or the expected 1:1 sex ratio (χ 2 = 5.0; df = 15; P = 0.9924).
Models of the developmental rates of the immature stages
The linear model had high adjusted coefficients of determination (R a 2 > 0.96) for all the immature stages and instars of M. unicostata (Table 5 ). The lower thermal developmental thresholds predicted by this model were in the range 13.3 to 15.0°C (Table 4) .
The adjusted coefficients of determination for the nonlinear models for all developmental stages and instars were, in general, greater than 0.89 (Table 5 ), but the graphic representation of the models revealed great differences as can be seen for the complete preimaginal period (Fig.  3) . When the fitting criteria were considered, it revealed that the Lactin model had the highest z weights for the complete preimaginal period and for all immature stages and instars except nymph 1, which was best described by the Performance model (Table 5 ). The optimal temperature for the development of eggs, the five nymphal instars and the total preimaginal period predicted by the best models ranged between 35.3 and 37.6. In this range, the predicted developmental rates were 0. 1741, 0.7011, 0.9479, 0.9993, 0.8650, 0.5636 and 0.0840 d -1 , respectively. In addition, the lower developmental threshold predicted by the best models ranged between 11.4 and 15.7°C, and the upper threshold ranged between 39.0 and 43.3°C. 
Validation of developmental models
The complete developmental period from egg to adult predicted by the different models for the three fluctuating temperatures regimes revealed that the Lactin model gave the best results (Table 6 ). The mean deviation from the recorded values using this model was less than 2.4%. The estimates were particularly good for the regime with the highest temperatures tested, with less than 0.8% deviation, whereas for the intermediate temperature range the deviation was greatest (< 3.7%). The mean deviations when the Hansen and Régnière models were used were also smaller than 3% and those when the Performance, Logan III, Briere 2 and Briere 1 models were used were smaller than 5.2%. The mean deviations when the linear and Kontodimas models were used were the greatest (> 8%). In the case of the linear model this was due to the estimate for the highest fluctuating temperature regime, which had a deviation greater than 18%, whereas the deviations for the other two regimes were lower than 2.9%.
distribution of adult emergence
The distribution of adult emergence was well described by the equation developed by Stinner et al. (1975) , as indicated by the high R 2 (0.9581) (Fig. 4) . Adult emergence began at the normalized age of 0.813 (81.3% of the mean time taken to complete development) and ceased at the normalized age of 1.247, (124.7% of the mean time taken to complete development). The k and β parameters were 3.5451 and 3.4870, respectively.
dIscussIon And conclusIons
Based on the results of our laboratory experiments the poplar lace bug, M. unicostata, can develop over a wide range of temperatures. Within this range, the whole developmental period ranged from 12.1 days to 49.3 days. The values recorded in the field by different authors for the duration of the complete development of M. unicostata range from 20 to 57 days (Bremond, 1938; Vidal, 1939; Gómez-Menor, 1950; Vessia, 1961; Talhouk, 1977; Maniglia, 1983) . These values were obtained under the natural fluctuating temperature regimes recorded in the field during spring, summer and early autumn, the seasons when this insect is active. For that reason, the reported durations are highly variable, because it is very likely that the climatic conditions under which they were recorded differed in the different studies. Similarly, these authors also report different development durations for the different generations of this insect depending on the season when they were studied. Although the temperatures during the period when the insect was developing in these field studies were not recorded they nevertheless are similar to our laboratory results obtained under constant and fluctuating temperatures. Our results also indicate the thermophilic nature of this insect reported by different authors (Moleas, 1987; Neal & Schaefer, 2000) , which is in accordance with its geographical distribution around the Mediterranean basin. According to field observations made by Moleas (1987) , the optimum temperature for the development of this insect is 30°C. However, we recorded the shortest developmental time at 34°C in our laboratory assays and most of the models indicate the fastest developmental rate occurs at around 35-36°C.
When the developmental times of M. unicostata are compared with those reported for other tingids, it is amongst those with the fastest development. Thus, other lace bugs like Stephanitis pyrioides (Scott) (Neal & Douglass, 1988; Braman et al., 1992) , S. pyri (Fabricius) (Aysal & Kivan, 2008) , S. takeyai Drake & Maa (Tsukada, 1994) , Corythucha cydoniae (Fitch) (Neal & Douglass, 1990; Braman & Pendley, 1993) , C. ciliata (Say) (Kim et al., 1999; Ju et al., 2011) , C. juglandis (Fitch) (Vogt & McPherson, 1986) , Leptopharsa heveae Drake & Poor (Cividanes et al., 2004) , Leptodictya plana Heidemann (Carr & Braman, 2012) and Stragulotingis bicincta (Monte) (Ojeda Peña & Bravo Calderón, 1994) in general take longer to complete their development at temperatures similar to those used in our study. This also indicates that the thermal constant of the poplar lace bug is likely to be one of the lowest for tingids, which is supported by S. takeyai requiring 473.3-479.6 DD to complete its development (Tsukada, 1994); S. pyrioides, 394.0 DD (Braman et al., 1992); S. pyri, 389.6 DD (Aysal & Kivan, 2008) ; C. ciliata, 370.6-376.1 DD (Kim et al., 1999; Ju et al., 2011); L. heveae, 370.4 DD (Cividanes et al., 2004) and C. cydoniae, 318.2 DD (Braman & Pend- ley, 1993), compared to the 229.2 DD recorded here for M. unicostata. In contrast, Gargaphia sanchezi Froeschner (Van Schoonhoven et al., 1975) and G. torresi Costa Lima (Da Silva, 2004 ) take less time to complete their development than M. unicostata, with G. torresi requiring only 209.4-220.3 DD to reach the adult stage (Da Silva, 2004) . Among the lace bugs for which developmental data are available, C. morrilli Osborn & Drake is the most similar in terms of its developmental time to M. unicostata (Rogers, 1977; Stone & Watterson, 1985) . In addition, lack of a difference in the developmental times of males and females is similar to that reported for S. pyrioides (Braman et al., 1992) and S. pyri (Aysal & Kivan, 2008) .
During this study of M. unicostata we found the published descriptions of nymphal instars to be inaccurate. Similarly, Neal & Schaefer (2000) point out some discrepancies in the published illustrations of the five nymphal instars of M. unicostata. According to our observations (Fig. 1) , the drawings of Gómez-Menor (1950) and Vessia (1961) provide an inaccurate description of the different instars. In both cases, the third instar nymph illustrated is a fourth instar nymph and the fourth and fifth instar nymphs are both fifth instar nymphs. In addition, the first and second instar nymphs are also differently illustrated in different publications (Bremond, 1938; Gómez-Menor, 1950; Vessia, 1961; Péricart, 1983) . The drawings in Bremond (1938) and Péricart (1983) are most similar to the morphology of the different nymphal instars recorded in our study. However, there is no illustration of the first instar nymph in Péricart (1983) or of the third and fourth instar nymphs in Bremond (1938) .
The eggs of M. unicostata take longer to hatch than it takes each of the nymphal instars to complete their development. Of the nymphal instars, the second and third instar nymphs had the fastest development, followed by the fourth, first and fifth nymphal instars. This is likely to be a common general pattern among lace bugs because it is similar to that recorded for other tingids (Van Schoonhoven et al., 1975; Vogt & McPherson, 1986; Neal & Douglass, 1988 , 1990 Braman et al., 1992; Braman & Pendley, 1993; Ojeda Peña & Bravo Calderón, 1994; Tsukada, 1994; Kim et al., 1999; Cividanes et al., 2004; Da Silva, 2004; Aysal & Kivan, 2008; Ju et al., 2011; Carr & Braman, 2012) . In C. morrilli this pattern is somewhat different, although the egg takes the longest to complete development followed by the fifth nymphal instar (Rogers, 1977; Stone & Watterson, 1985) . Despite this general pattern, the proportion of time spent in each developmental stage or instar by M. unicostata was affected by temperature, indicating that in this lace bug the developmental rate isomorphy rule (Jarošík et al., 2002) does not apply.
The lower thermal threshold obtained for the complete preimaginal period of M. unicostata is similar to those reported for G. torresi (13.6-13.9°C) (Da Silva, 2004) and C. cydoniae (14.3°C) (Braman & Pendley, 1993 ) and 3-5 degrees higher than those reported for S. takeyai (≈ 9°C) (Tsukada, 1994) , S. pyrioides (11.2°C) (Braman et al., 1992) , S. pyri (≈ 10°C) (Aysal & Kivan, 2008) , C. ciliata (11.1-11.2°C) (Kim et al., 1999; Ju et al., 2011) and L. heveae (9.8°C) (Cividanes et al., 2004) . In all these cases, the lower threshold was estimated using the linear degree-day model, which in our case provided a very similar value to that predicted by the best fitting nonlinear model (15°C for the linear model vs. 14.8°C for the Lactin model). These differences reflect the different thermal tolerances of these species, with M. unicostata, G. torresi and C. cydoniae better adapted to high temperatures than the other species. However, in the absence of estimates of the optimal temperatures for development and the upper thermal thresholds for the species cited above we are unable to check this. In any case, for some of these species, like S. pyrioides, S. pyri and C. ciliata, no development or very high mortality is recorded at high temperatures ranging from 32°C to 36°C (Braman et al., 1992; Kim et al., 1999; Aysal & Kivan, 2008; Ju et al., 2011) while C. cydoniae can develop at 33°C (Braman & Pendley, 1993 ) and here we report development at 37°C for M. unicostata.
The linear model is widely used to describe the relationship between developmental rate and temperature because of its simplicity and easiness to calculate and apply in practice (Wagner et al., 1984a; Moore & Remais, 2014) . However, its major disadvantage is that it only describes the relationship over the intermediate range of temperatures at which insects can develop. This produces unreal predictions when field temperatures fluctuate outside this range (Wagner et al., 1984a; Moore & Remais, 2014) , a situation that normally occurs within the area of distribution of M. unicostata. Our results confirm this, because the prediction provided by the linear model for the highest temperature regime tested resulted in the greatest deviation from the actual duration recorded in this assay, as this regime falls outside the linear portion of the relationship between developmental rate and temperature.
Because of the inaccuracy of the linear model, nonlinear models have been developed to accurately describe the relationship between developmental rate and the whole range of temperatures at which an insect can complete its development. Of the nonlinear models used to fit developmental rate data relative to temperature for M. unicostata, the Lactin model was the most accurate. This model has been widely used to describe the relationship between developmental rate and temperature for many insects and mites (Roy et al., 2002; Kontodimas et al., 2004; Sánchez-Ramos et al., 2007; García-Ruiz et al., 2011) . In the case of M. unicostata, the Lactin model predicts a thermal window for the complete developmental period (i.e. the range in temperature between the minimum and maximum rate of development for individuals species) of 20.6°C, which is in accordance with the theoretical predicted value of 20°C (Dixon et al., 2009) . Using the durations of the complete preimaginal period recorded in fluctuating temperature regimes the Lactin model again provided the best fit and the lowest mean deviation. Therefore, this model could be used as a phenological model in integrated management of M. unicostata to predict the seasonal occurrence of their different generations in the field. In addition, the probabil-ity function for the distribution of adult emergence of M. unicostata could be used to determine the proportion of individuals that have completed their development at different times in the field. This has practical implications such as the determination of the best moment to apply control measures to reduce the damage done by this pest and the costs associated with pesticide treatments.
The present study has provided information on the effect of temperature on survival and development of the immature stages and instars of M. unicostata. In addition, the comprehensive modelling of biological aspects carried out in this work could be used for managing this pest. Further research should focus on the practical application of these models in the field. The need now is to study the effect of temperature on the reproductive and life table parameters of this insect.
